Supporting Information 1 considers candidate species for probes of 2D diffusion in biomembranes, including a more detailed discussion of the structure, design, and diffusion of the tracers.
As mentioned in the text, if distinct series of scalable tracers must be used to cover the entire range of sizes required, the radii of successive series ought to overlap. Thus, for biomembranes one might use a series of macrocyclic polyamides, a series of multipass transmembrane α-helices, and a series of β-barrels, with overlap minimally at one radius, ideally at several. As also discussed, one would use a scalable series to test size dependence alone, and a nonscalable series to test the sensitivity of diffusion to details of composition. The transmembrane segment would be varied with the hydrophilic regions constant, and vice versa.
For membrane protein structures see the excellent review of Vinothkumar and Henderson 1 , and reviews of computational modeling of membrane proteins.
2,3

Self-Assembled Amphiphiles: Lipid Domains
Lipid domains -say gel-phase in a fluid-phase bilayer or liquid-ordered in liquid-disordered -have the advantages that they are naturally occurring and their size varies almost continuously. A disadvantage is that the experimenter has limited control over their size. The diameter varies among domains and with time, so the sizes of individual domains must be measured along with the diffusion coefficient. Also, the boundary layer is likely to be different from that of transmembrane proteins. Repulsion between domains may be important, 4, 5 implying that domains ought to be used at low densities, as tracers but not as crowders. The pioneering experimental work was done by Klingler and McConnell 4 and further developed by Cicuta et al. 6 Rotational diffusion of diamond-shaped gel phase domains in giant unilamellar vesicles was measured by Petrov et al.
7
Peripheral Proteins
In artificial peripheral proteins, a scalable headgroup is bound to the membrane by lipid tails. GPI-linked lipids could be used, or a lipid linked to the headgroup via avidin plus biotin or via Ni chelate plus a His tag. Linkages are reviewed briefly in Lohmüller et al. 8 In pioneering work on the mechanism of patching and capping, Wolf et al.
9,10 measured diffusion of stearoylated dextran bound to artificial bilayers and to plasma membranes of 3T3 cells.
Most of the tracers discussed in this review emphasize the nondraining or solid limits, but some work has been done at the free-draining limit. Diffusion measurements were made on tracers in which 1, 2, or 3 pleckstrin homology domains were coupled by flexible linkers with a length of 4-6 nm, and the domains were bound to PIP3, phosphatidylinositol-(3,4,5)-trisphosphate.
11,12
Macrocyclic Polyamides
The macrocyclic polyamide tracers developed in the Petersen lab were explicitly designed to be scalable. These were based on synthetic macrocyclic amide rings, dimers through hexamers, with their arms terminated by nitrilotriacetic acid. The first experiments 13 used these rings to link dodecyl chains, giving surface areas in the range 0.3-3.0 nm 2 , compared to a phospholipid area ∼ 0.65 nm 2 . Later work 14 used various numbers of transmembrane helices, specifically a His-tagged peptide from the b subunit of E. coli F1F0-ATP synthase.
An important design principle is that the size of the macrocyclic polyamide headgroup must be varied, not just the number of acyl chains on a fixed headgroup. If one simply uses a hexamer and increases the number of acyl chains, the probe shape varies from conical to cylindrical, and the membrane properties of the probe vary accordingly.
Transmembrane α-Helices
Tracers based on transmembrane α-helices are an obvious choice. Tests of the Saffman-Delbrück equation using natural transmembrane proteins were described in the text. Here we discuss extending the size range with natural multipass α-helical proteins, which are not rigorously scalable, and the construction of their scalable counterparts.
Requirements
The ideal building block for scalable transmembrane helix (TMH) probes would be a diffusionally neutral TMH, that is, one that does not perturb the bilayer and has no attractive or repulsive force between probe molecules. The basic requirement is to avoid oligomerization, aggregation, or repulsion among the tracers, and to avoid lipid domain formation by the tracers. Direct interactions such as van der Waals attraction and charge repulsion must be minimized, and likewise lipid-mediated interactions.
To minimize lipid-mediated interactions, the TMH length must be matched to the membrane thickness. Much work has been done on hydrophobic matching, [15] [16] [17] including NMR of isotopically labeled forms, and coarse-grained molecular dynamics simulations. The emphasis has been on WALP and other simple synthetic single-TMH species. The WALP peptides are made up of a hydrophobic sequence of alternating leucine (L) and alanine (A), with pairs of tryptophans (W) at each end as membrane anchors, and a single glycine (G), for example WALP16, acetyl-GWW-(LA)5-WWA-ethanolamide, and WALP19, acetyl-GWW-(LA)6-LWWA-ethanolamide. The tryptophans localize near the lipid carbonyl groups, anchoring the peptides vertically. Domański et al. 18 present simulations. An important point is that in synthetic peptides with two pairs of tryptophan anchors, interfacial matchingmatching the Trp-Trp distance to the membrane thickness -is more important than hydrophobic matching, at S2 least for the particular systems examined. 19 This view is supported by fully atomistic molecular dynamics simulations that give a detailed picture of the energetics of various responses to mismatch. 20, 21 These results suggest that to make a diffusionally neutral TMH, both distances ought to be matched to the bilayer.
Gambin et al. 22 measured diffusion of Leu-based peptides vertically positioned in the membrane by Lys. The surfactant system used in these experiments had the advantage that the thickness could be tuned continuously but the disadvantage that the membrane was not made of phospholipids. Ramadurai et al. 23 made diffusion measurements by fluorescence correlation spectroscopy (FCS) on WALP and related peptides in giant unilamellar vesicles. Hydrophobic mismatch had little effect on the diffusion coefficient.
Sparr et al. 24 measured self-association of WALP23 in membranes by means of excimer formation in peptides labeled with pyrene on the C or N termini. If the peptide and membrane are hydrophobically matched, the peptide does not self-associate at low concentrations, but hydrophobic mismatch in either direction promotes association. The peptide associates to form antiparallel dimers as shown experimentally, and the association was attributed to electrostatic interactions between the dipole moments of the α-helix backbone, on the basis of computer modeling.
Biologically driven dimerization is an important consideration in designing scalable α-helical tracers. Dimerization motifs [25] [26] [27] can be used internally to assemble multispan tracers but must be avoided on the outer surface of tracers. Testing for self-association is essential. See for example the work of Chakrabarti et al. 28 on self-association of MHC class I glycoprotein HLA-A2 in liposome and cell membranes. The most sensitive measurements of association used rotational diffusion or FRET. A more generic form of this approach is to design into the helices hydrophilic and hydrophobic faces appropriate to the folding pattern sought.
Designing and validating a diffusionally neutral series of scalable tracers would be an interesting test of our understanding of protein-lipid interactions.
Natural α-Helices
To what extent can naturally occurring proteins be used? Ramadurai et al. 29 made FCS measurements on a variety of proteins in giant unilamellar vesicles, of diameter 15-40 µm to avoid curvature and undulation effects. The proteins were labeled at an engineered Cys site. Explicit tests for anomalous subdiffusion showed diffusion to be normal. The measurements covered a significant range of protein sizes, from single TMHs of radius 0.5 nm such as synaptobrevin 2 and WALP23 synthetic peptide to MscS, the mechanosensitive channel of large conductance, a heptamer of radius 4.0 nm.
What are the size limits? In a review of membrane protein structure Vinothkumar TMHs; sodium-dependent secondary transporters Mhp1, LeuT, BetP, and vGlt1 with 15 TMHs, two of which are interrupted; and the E. coli ammonia channel AmtB, a trimer with 11 TMHs per monomer. The ABC = ATPbinding cassette importers have [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] TMHs. So there are many possibilities for larger proteins. The limitation with this approach is that the tracers are not scalable, and they may be bound in mobile complexes or to the cytoskeleton.
Another large species is aquaporin-1, a tetramer which each monomer has six TMHs. Crane and Verkman 30 made single-particle tracking (SPT) measurements on aquaporin-1 in COS-7 and MDCK cells. The authors explicitly tested for anomalous subdiffusion and found free diffusion over long distances, predominantly normal diffusion, implying a low level of specific interactions with membrane components. Tetramers of aquaporin-4 further associate to form large structures called orthogonal arrays of particles. Dynamics of association and diffusion were also examined, including the dependence on isoform and the effect of mutations.
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Another class of large multihelix proteins are the poreforming toxins (PFT), reviewed by Iacovache et al. 32 and in more detail by Parker and Feil 33 . The α-PFTs include colicins, diphtheria toxin, and E. coli hemolysin A.
Synthetic α-Helices
Early work on synthetic multipass TMH proteins is summarized in the review of computational design of proteins by Perez-Aguilar and Saven 2 . Recent references on synthetic α-helices include work of the Deber group on partially randomized "helical hairpin" peptides with two TMH joined by a 6-residue loop 34 and development of artificial proteins with 4 TMH as engineered scaffolds for cofactors. These may be independent helices assembled by porphyrins 35 or helices linked by hydrophilic loops.
36
Transmembrane β-Barrels
As the work of Gambin et al. 37 suggests, transmembrane β-barrels may be a useful set of scalable membrane probes. These are proteins of the outer membrane of Gram-negative bacteria, and also of mitochondria and chloroplasts. The proteins are cylindrical with a hydrophobic exterior and a hydrophilic interior. They are made up of β-strands, sequences of ∼ 10 amino acids with alternating hydrophilic and hydrophobic residues. The β-hairpin is a pair of antiparallel β-strands connected by a short loop of ∼ 5 residues in the periplasm. A β-barrel is a cylinder of β-hairpins connected by loops of various lengths in the extracellular region. The strands are parallel and form a closed cylinder to permit hydrogen bonding between successive strands. The strands are at an angle with respect to the barrel axis, typically in the range 37
• to 51
• , and the angle is a key factor determining the crosssectional area. The number of β-strands is even in almost all cases. Two bands of aromatic residues are located on the hydrophobic surface near the edges of the membrane to fix the vertical position of the barrel in the membrane,
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Supporting Information 1 just as in transmembrane α-helices. Some β-barrel proteins have long loops that can fold into the lumen to gate the pore. β-barrels may be a single polypeptide or a selfassembled structure.
Transmembrane β-barrels have been reviewed by several authors. [38] [39] [40] [41] [42] [43] The table of β-barrel radii 41 is calculated from the number of strands and the shear number, which is related to the angle between the strands and the barrel axis. The calculations assume ideal cylindrical β-barrel geometry and use the exact formula of Murzin et al. 44 Reboul et al. 45 discuss the geometry of small versus giant β-barrels similarly. These results are useful first approximations but eventually actual structural measurements are needed. The Wimley group has studied bioinformatics of β-barrels.
46,47 Fairman et al. 48 list the structures of the known small β-barrel membrane proteins, with PDB (Protein Data Base) numbers but not literature references, and summarizes online resources for the structures.
Small β-Barrels: Structure
The small β-barrels are highly promising as scalable tracers. Their size ranges from 8 to 24 β-strands. Some examples are given here; Galdiero et al. 43 give further examples.
Among the 8-stranded β-barrels are OmpX, involved in bacterial adhesion and entry into mammalian cells, and OmpA, which stabilizes the outer membrane by connecting it to the peptidoglycan layer, and is also involved in bacterial conjugation. These β-barrels have different tilts of the β-strands with respect to the barrel axis. The diameter of OmpX is ∼ 2 nm, with an axis ratio of 1.6, and the axis ratio for OmpA is 1.2. The interior of OmpA contains a network of hydrogen bonds and salt bridges, with no passage even for water. The network is rigid, as shown by the low B-factors in the X-ray structure. The network in OmpX is different but similarly dense.
49,50
The porins are passive diffusion channels of the outer membrane. The 16-strand porins such as OmpC and OmpF are general pores, and the 18-strand porins provide specific transport, such as the sucrose transporter ScrY and the maltose oligosaccharide transporter LamB. The porins have a kidney-shaped cross-section and form homotrimers. The review of porins by Zeth and Thein 51 is a good general starting point for thinking about design of β-barrel tracers.
The main exception to the even-strand rule is VDAC, the voltage-dependent anion channel of mitochondria, with 19 strands. 48 The mammalian VDAC 51 is very nearly circular, with diameters ∼ 3.1 and ∼ 3.2 nm.
The 22-strand β-barrels include FhuA, FepA, and FecA, all transporters of iron complexes, and the vitamin B12 transporter BtuB. These are monomers. FhuA, the ferric hydroxamate uptake protein, has an elliptical crosssection with axes 3.1 nm and 4.4 nm, and has an Nterminal plug domain of 160 residues. It has been used in pore engineering studies described in the next section.
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The largest small β-barrel known is PapC from the bacterial chaperone/usher pathway. It is 24 strands, with a plug domain, and some structural irregularities giving a kidney-shaped barrel with outside dimensions 6.5 × 4.5 nm.
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One way to obtain larger structures, at the cost of some geometric regularity, is to make trimers, well established in nature.
Small β-Barrels: Design
The small β-barrels seem to be an excellent starting point for design of scalable tracers. The goal would be a rigorously scalable series covering the full range of sizes from 8 to 24 strands, with an attempt to make larger barrels. The properties wanted are (1) uniform strands; (2) uniform loops; (3) strand length matched to the membrane thickness; (4) pore-pore association sites eliminated; (5) loops modified to rigidify the pore and give it a circular cross-section; (6) pores blocked. Blocking the pore is essential if β-barrels are to be used as tracers in cell membranes. Some small β-barrels are pores, and a major class of giant β-barrels are the pore-forming toxins. In a rigorously scalable set of tracers, the barrel elements ought to be uniform, with the irregularities in strands and loops removed, such as those in PapC discussed by Remaut et al.
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The 22-stranded BtuB vitamin B12 transporter is asymmetric, with the barrel length varying between 2.5 nm and 3.7 nm, leading to distortions in the bilayer around the barrel. Ellena et al. 54 presented experimental evidence, discussed hydrophobic matching, and pointed out that this asymmetry could lead to lipid-mediated attraction. Ideally one would compare diffusion of uniform barrels to barrels with different exteriors, as an example of using scalable tracers to find the size dependence of diffusion and nonscalable tracers to find the variation due to differences in composition.
The feasibility of making a scalable series of β-barrels is strongly supported by published work on the modification of membrane β-barrels for biotechnology applications. The review of β-barrels by Galdiero et al. 43 says that they are "especially amenable to engineering studies," and a short review of biophysics of membrane proteins by White 55 says "Need a larger boundary? Just add a few more hairpins." The review of β-barrels by Schulz 40 summarizes early work on modification. Johansson et al. 56 designed the so-called β-barrel platform for the development of novel protein functions. This is a simplified form of OmpA with all four extracellular loops shortened. Naveed et al. 57 modified the trimerization sites in OmpF porin. Arnold et al. 58 showed that gene duplication of the 8-stranded β-barrel OmpX produced a functional 16-stranded pore, as did the even-numbered intermediate pores. The conductance of the pores in black lipid membranes was measured and structural requirements were found for folding into pores. Lolicato et al.
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found a consensus sequence for β-hairpins in β-barrels, used it to make various sizes of β-barrels, and studied the conductance of the hexamer (12 β-strands) in black lipid membranes.
Recently Movileanu and colleagues have published a
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series of papers on designing and building nanopores by modifying the 22-strand β-barrel FhuA, ferric hydroxamate uptake component A from E. coli. Krewinkel et al. 60 increased the barrel diameter by enlarging it to 24 strands. They added a β-hairpin and a loop copied from first two N-terminal strands, thus increasing the channel area by 16 percent. They also removed the plug domain. Muhammad et al. 61 increased the height of the barrel to improve hydrophobic matching with a block copolymer membrane. The hydrophobic region was lengthened by 1 nm by copying the last five amino acids of each strand. A constraint is reconstitution; the barrel must match the E. coli membrane thickness well enough that the protein can insert and be properly folded in E. coli. Mohammad et al.
62
shortened some extracellular loops and removed the plug domain.
β-barrels have a variety of cross-sectional shapes.
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Zeth and Thein 51 point out that bacterial porins are oval and mitochondrial porins are nearly circular, even though their sizes are very similar. Scalable membrane probes ought to be circular, rigid, and nonporous. These criteria can be met by the choice of interior residues, loops, and segments folding into pore. Many examples useful in engineering the shape are available in nature, and likewise examples of loops and terminal domains that act as plugs.
In summary it appears that β-barrels can be made into scalable tracers, made by scalable chemistry -just add a DNA sequence. The design problem is more the barrelhead than the barrel.
Giant β-Barrels: Structure
Nature provides an interesting variety of examples of larger β-barrel structures, 45 but they are less readily scalable than small β-barrels. The best-understood group of giant β-barrels is the β-pore forming toxins. 32, 33 One example is Staphylococcus aureus α-hemolysin, a selfassembled heptamer. The assembled pore is mushroomshaped, with a 14-strand β-barrel stalk and a hydrophilic head. The stalk diameter is 2.6 nm and the head diameter is 10 nm. The X-ray structure shows extensive contacts between the monomers. 63 Aerolysin has a similar structure, a heptamer giving a mushroom-shaped pore with a stalk diameter of 4.6 nm and a head diameter of 14.0 nm. 33 Another prominent class of giant β-barrels is the cholesterol-dependent cytolysins, such as pneumolysin, streptolysin, and perfringolysin O, reviewed by Tweten 64 . The structure of pneumolysin was determined by cryo electron microscopy. 65 The pore is made up of ∼ 40 monomers, each contributing two β-hairpins, so 4 antiparallel β-strands and a total of ∼ 160 β-strands. The actual number of monomers varied, with peaks at 38 and 44. Diameters ranged from 32 to 43 nm. The other main group of giant β-barrels, the MACPF proteins -membrane attack complex, perforin -is reviewed by Dunstone and Tweten 66 .
Giant β-Barrels: Constraints
The giant β-barrels have the advantage of large size but they are much less easily scalable than small β-barrels. The problem is the unscalable chemistry. One needs to be able to vary the size readily without having to redesign much of the protein.
The question of stoichiometry must be examined for each protein. Variable stoichiometry is common.
32 A cholesterol-dependent cytolysin may have between 30 and 50 monomers per pore, so the resulting variation in radius must be taken into account. The range of variation is limited; to go outside these limits would require considerable redesign of the monomer.
Another limitation is that the giant β-barrels involve too much biology themselves to be convenient probes of other biology. An essential feature is that a water-soluble protein must be converted to a membrane-bound form. In some proteins, monomers require proteolytic activation before assembly can occur. In general, membrane insertion and self-assembly are required; the order depends on the protein. Particular membrane components may be required for insertion, such as a GPI-linked membrane protein for aerolysin, or cholesterol for the cholesteroldependent cytolysins. Some self-assembly is required, so if the cell is perturbed in an experiment, one must verify that the tracer is not affected.
Here we consider candidate spherical tracers for 3D aqueous systems such as the cytoplasm and the nucleus. We discuss in detail lipid droplets, quantum dots and various types of fluorescent beads. We discuss briefly some interesting exotic fluorophores, and gold beads used as point scatterers in some SPT experiments.
Diffusion in cells may depend on how the label is introduced. Hale et al. 67 pointed out that endocytosed beads measure mechanics along the endocytotic pathway, which involves motor proteins, but microinjected or bombarded beads measure the mechanics of the cytoplasm. Similarly Duits et al. 68 made SPT measurements on particles in the cytoplasm of human microvascular endothelial cells (Hmec-1) and found that ballistically injected beads behaved differently from endogenous granules, which were identified as lipid droplets and mitochondria by their staining.
Some of the candidate tracers are colloidal particles, so anyone considering high-precision measurements ought to read the recent reviews on the pitfalls in measuring radii and volume fractions of colloids, and in preparing hardsphere colloids.
69,70
Core-shell structures are standard in quantum dots but can be used with other bead structures to adjust particle size, provide attachment points for covalent linkages, and modify surface properties. See the highly informative review of core-shell structures by Schärtl 71 . Preventing aggregation of colloidal tracers is of particular importance. This is usually done by Coulomb repulsion or by attaching free chains to the surface to give entropic repulsion ("hairy sphere"). Charge would be a complication here and entropic repulsion is preferable. See the discussion of the DLVO and hairy sphere interactions in Supporting Information 5. For example, poly(methylmethacrylate) beads were coated with poly(12-hydroxystearic acid) to prevent aggregation.
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Nanoparticles of diameter 15-20 nm were prepared with a fluorescent polystyrene core and a shell of dendrons.
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Similarly, glycopolymers were chemically grafted to polymer nanoparticles, 74, 75 and enzymatic synthesis of hyperbranched oligosaccharide was used to form a coating ("artificial glycocalyx") on a silicon surface.
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Self-Assembled Amphiphiles: Lipid Droplets
Lipid droplets are the 3D analog of lipid domains in membranes. The droplets occur naturally in cells. They have a high refractive index compared to cytoplasm so they are detectable in SPT without labeling. They are often used in the physics literature [77] [78] [79] [80] [81] for SPT measurements of diffusion in cytoplasm, or for laser tweezer measurements of viscosity. The droplets consist of neutral lipids, mostly triacylglycerols and sterol esters, surrounded by a phospholipid monolayer. Proteins are associated with the droplets. The diameters are nonuniform, in the range 0.1 -5 µm, so the size of each particle must be measured along with its diffusion coefficient. In adipocytes the lipid droplets may be much larger, around 100 µm.
It is essential to remember, however, that lipid droplets are not just inert droplets of fat, but "an organelle that is dynamic, fully engaged with the biology of the cell, and actively involved in a diversity of cellular processes" as the review of Saka and Valdivia 82 puts it. This review discusses topics such as the assembly of hepatitis C viruses on lipid droplets, and lipid droplets as modulators of immune response. Furthermore, there are enough droplet-associated proteins to warrant proteomic studies. The presence of a phospholipid monolayer rather than a bilayer constrains the structure of associated proteins.
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Lipid droplets can be transported by motor proteins, as discussed in the review of Fujimoto and Parton 84 . In addition, the surface proteins might lead to transient binding of lipid droplets to immobile structures in cells.
Artifical lipid droplet analogs have been made by microinjection of fluorescent-labeled soybean oil into sea urchin egg cytoplasm. 85 The fluorescent lipid analog spread from the droplet to the endoplasmic reticulum but not to other organelles. This experiment was important as a demonstration of the continuity of the endoplasmic reticulum membrane, but for our purposes it implies that the oil droplets must be stabilized if they are to be used as scalable tracers. It would be interesting to examine what cellular species partition into the droplets.
Quantum Dots
The favorable fluorescence properties of quantum dots (semiconductor nanocrystals) are well known. The absorption peak is broad and the absorption cross-section is large. The emission band is narrow, and the peak is tunable by the choice of quantum dot size. There are many recent reviews, including applications to cell biology 86 and engineering the semiconductor bandgap to control optical properties.
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Several layers are used to make standard quantum dots and these layers enlarge the quantum dot significantly. The core is surrounded by an inorganic shell (for example CdSe surrounded by CdS) to passivate surface trapping sites and to isolate the core from the environment. (The shell is part of the quantum mechanics, the edge for the particle-in-a-spherical-box.) Next is a hydrophilic layer, and finally whatever antibodies or ligands are needed to attach the quantum dot to its target. Small core-shell quantum dots can be made by proper choice of the organic layer bound to the outer shell; Howarth et al. 88 made quantum dots of hydrodynamic diameter 11.1 nm compared to [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] 
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of CdS is around 0.34 nm. Chen et al. 93 used the socalled SILAR technique, successive ion layer absorption and reaction, 94 to build up the shell one monolayer at a time.
One could thus make a series with constant core size and various shell thicknesses. For example, Brovelli et al. 95 grew quantum dots with a fixed CdSe core of radius 1.5 nm and CdS shells of 4, 7, 14, and 19 monolayers. The growth of thick shells and their effects on emission have been studied in detail. 96, 97 At a fundamental level, recent work using electrochemical charge injection showed two distinct mechanisms of blinking.
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One could also make a series with various core sizes and constant total diameter, so that the color of the fluorescence can be used to connect individual SPT images into trajectories. The Lagerholm group 99 distinguished four different colors of quantum dots in the same field by using a beam splitter, dichroic mirrors, and filters. The Lidke group 100 developed a high-speed hyperspectral linescanning microscope that resolved eight different colors of quantum dots.
In addition to core-shell quantum dots, one could make null quantum dots, with inert shells only and no fluorescent cores. These could be used in model fluid experiments to give a low concentration of fluorescent spheres and a high concentration of otherwise identical nonfluorescent spheres.
Standard biochemical separation techniques may be useful in preparing quantum dots. Analytical ultracentrifugation has been used to find the size distribution and surface properties of quantum dots 101 as well as stoichiometric gold nanoclusters. 102 For quantum dots linked to biological targeting molecules, gel electrophoresis has been used to select quantum dots of defined valency.
88,103,104
Fluorescent Beads: Organic and Inorganic
Fluorescent beads have several favorable properties. There are many fluorophores per particle. Photobleaching is reduced because the fluorophores are shielded from molecular oxygen. Fluorescence quenching is reduced because the dye is less mobile and the environment is more rigid. A potential disadvantage is stickiness; the outermost layer must be chosen appropriately. The most commonly used fluorescent beads are based on colloidal silica, polystyrene, or poly(methylmethacrylate) (PMMA). Fluorophores may be incorporated by adsorption, covalent linkage to a precursor, or covalent linkage after particle preparation. Covalent linkage is preferable unless a coreshell structure is used and the adsorbed fluorophore is sealed in the core by the shell. Fluorescent beads are reviewed briefly by Pellach et al. 105 and in more detail by Burns et al. 106 , Sokolova and Epple 107 , and Hermanson 108 .
Van der Waals forces can be suppressed by refractive index matching, which in most cases requires organic solvent mixtures. Index matching also eliminates light scattering, and sedimentation is suppressed if the solvents are chosen to match the particle density. 109 Caveats regarding index matching are given by Royall et al.
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Core-shell structures have uses beyond shielding the fluorophore and increasing the particle size. Titania has a high refractive index, and the high refractive index contrast to the medium makes it well suited to laser tweezer experiments. Demirörs et al. 110 described a general method to coat colloidal particles -silica, silver, polystyrene -with a titania shell with a thickness adjustable between 10-250 nm. The core-shell particles were monodisperse. Viravathana and Marr 111 made silicacoated titania particles so that the solvent could be indexmatched to the silica shell to suppress van der Waals interactions and the titania core would allow laser tweezer experiments. Commercial. A size series of fluorescent beads is the best set of scalable tracers commercially available, assuming that the proprietary chemistry is constant. The smallest ones seem to be 20-50 nm diameter and the largest, 5-25 µm, depending on the supplier.
It would be useful to extend the series to smaller beads and to characterize how spherical and deformable the smaller beads are. Around 5 nm diameter, one needs to begin to consider the actual number of monomers and crosslinks in the sphere, at least at the level of simple calculations that assume that all crosslinkers in the reaction mixture are incorporated into the polymer. Nunes and Asua 112 presented a strategy for nanolatex synthesis and prepared PMMA nanoparticles down to a diameter of 13 nm. Homemade. The van Blaaderen group has long been active in preparing fluorescent nanospheres, in part in order to use mixtures of fluorescent and nonfluorescent nanospheres as a model fluid or glass in which individual particles can be observed by confocal microscopy.
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For example, the group prepared monodisperse coreshell ZnS-silica and silica-ZnS particles with diameters in the range of 0.16-2.8 µm, 114 and monodisperse fluorescent core-shell PMMA particles 115 with diameters in the range of 0.35-1.3 µm. Recent work 116 reports the synthesis of monodisperse, highly crosslinked PMMA particles containing various fluorophores including NBD and rhodamine derivatives. Particles were either homogeneous or core-shell with the shell fluorescent. Diameters were varied between 1-2 µm. Nanosphere tracers for model fluid and glass experiments are usually made large enough that they can be resolved readily by optical microscopy. Smaller diameters would be useful for measurements in cells.
The Bräuchle laboratory prepared various perylenelabeled silica nanoparticles to take advantage of the high photostability of perylenes. A monofunctional perylene derivative plus silica gave a sphere 80 nm in diameter. The spectrum was solvent-dependent, indicating that the dye was at the surface. Another type of nanoparticle, diameter 30-100 nm, had a 10-30 nm polysiloxane core containing the dye, and a nonfluorescent silica shell. The spectrum was not solvent-dependent.
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One of the most promising families of scalable tracers is silica core-shell particles. 118, 119 These tracers are brightly fluorescent silica nanoparticles, monodisperse with diameter 30 nm, and are more photostable than the original dye. They are prepared by first covalently attaching a small organic dye such as FITC, TRITC, or various Alexa dyes to 3-aminopropyltriethoxysilane to make the core precursor. Then the core is made by a condensation reaction that includes this precursor. Finally, the shell is grown using unlabeled tetraethylorthosilicate. Both core-shell and homogeneously labeled particles were made. The size can be varied; the review of Burns et al. 106 shows scanning electron micrographs of core-shell particles of diameters 50, 150, 250, 500, and 1500 nm, and later work 120 gave diameters 3.3 and 6.0 nm.
Ultrabright fluorescent silica particles, diameter 40 nm, have been prepared using hydrophobic groups in the matrix to retain the Rhodamine 6G fluorophore 121 though these were not core-shell structures.
Exotic (for now)
Nanodiamonds, particulaly the negatively charged nitrogen vacancy center, have favorable fluorescence properties. 122, 123 Fluorescent metal nanoclusters are highly photostable but the quantum yields are often low 124 except for the dendrimer-gold complexes mentioned in the section on dendrimers, or in the case of two-photon excitation. 125 All these would require development of a shell layer to adjust the size. See Graf et al. 126 for a method of silica encapsulation of colloidal particles including gold, silver, and polystyrene.
Gold Bead Scatterers
Colloidal gold is a strong light scatterer so it has long been used as an unbleachable label in SPT (that is, a point source of darkness). A typical diameter is 30-40 nm. The diameter d is much less than the wavelength of light, so Rayleigh scattering occurs and the scattering is proportional to d
6 . Colloidal gold is inherently scalable except for the detectability limits set by the d 6 dependence. The area has been reviewed by De Brabander et al. 127 and by Kusumi et al.
Calculations of D
Diffusion measurements in aqueous media often use a variety of globular proteins as tracers. The basic size effect is given by the Stokes-Einstein equation for a spherical particle in dilute solution
where kT is the thermal energy, η is the viscosity, and R(hydro) is the hydrodynamic radius. One method to account for tracer geometry is to assume that the protein is an ellipsoid of revolution and to apply the standard Perrin corrections. 129, 130 A more refined approach is based on the actual molecular structure. Garcia de la Torre and collaborators have published programs to calculate hydrodynamic properties from atomic coordinates by means of atomic-level bead shells, residue-level beads, or residue-level bead shells. 131, 132 The alternative approach of Aragon 133 represents the surface as a triangulation. Both procedures have been well tested. The thickness of the solvation shell is important in these calculations, and the values used in the different methods agree well. These algorithms make it possible to calculate diffusion coefficients at the small-proteome scale.
Large-Scale Compilations of D
One widely-used set of experimental biochemical diffusion coefficients is the compilation of Tyn and Gusek 134 . They used the Stokes-Einstein relation and took the hydrodynamic radius be directly proportional to the experimental R(gyr), in most cases obtained from small-angle X-ray scattering. These are literature values so the values of both D and Mr reflect differences among methods and laboratories. We examine this data set in detail in the next section.
Dill et al. 135 obtained a distribution of D's for cell proteins based on a scaling relation for the radius, R(scaling) ∝ N 0.392 , with N the number of amino acid residues. 136 The rest of the calculation is standard, based on the Stokes-Einstein equation with R(hydro) ∝ R(scaling) and the proportionality constant of Tyn and Gusek 134 . The plot of D versus log N of Dill et al.
135
based on the Tyn-Gusek data set gives more confidence about the usefulness of the correlation than the original plot of log D versus log N does. From this and other data Dill et al. 135 argued that the observed protein density in cells maximizes biochemical reaction rates.
McGuffee and Elcock 137 carried out inspiringly comprehensive Brownian dynamics simulations on a 51-component model of E. coli cytoplasm, with macromolecular shapes from atomic-level structures and concentrations approaching those in vivo. They used two models, "steric" with repulsive forces only, and "full" including approximate electrostatic and hydrophobic interactions. Input to the simulations included infinite-dilution diffusion coefficients from the bead model of García de la Torre et al. 131 A single global interaction parameter was adjusted to match the simulated diffusion coefficient of GFP to experiment. Effects of crowding on diffusion and anomalous subdiffusion were examined in detail.
Recent work by Kalwarczyk et al. 138 found D for the entire proteome of E. coli in cytoplasm. Diffusion coefficients in dilute solution were obtained from the Stokes-Einstein equation using the scaling relation of Dill et al. 135 for the hydrodynamic radius of proteins and similar power laws for RNA and DNA. The main objective of this work was to represent diffusion in complex fluids in terms of the authors' "scale-dependent viscosity reference curve," which interpolates smoothly between microscopic and macroscopic viscosity. This curve is fit to a small number of experimental values of D for each complex fluid, such as the cytoplasm of a given cell type. Their results are consistent with the "full" case in the simulations of McGuffee and Elcock 137 for sizes < 6 nm. But most of the data points are in the range R(hydro) = 2−−6 nm. There is significant scatter in their plot of D versus R(hydro), and the plot is of ln D, not D. Few data points are available for most of their curve, a limitation they note. Scalable tracers would be well suited to generating their reference curve for a particular cell type. A wide range of sizes is needed; as Kalwarczyk et al. 138 point out, tracer sizes should be uniformly distributed on a logarithmic scale, say 0.1-300 nm. Nonscalable tracers would be used to find the scatter in D due to shape, surface properties, etc. Both the mean and the variation are potentially important in cell-level simulations.
The FRAP measurements of Kumar et al. 139 on proteins in E. coli are noteworthy for the number and variety of proteins examined, both cytoplasmic and transmembrane, enabling the authors to evaluate the size dependence, though neither series of proteins was scalable. A strength of this data set is that all the diffusion coefficients were obtained using essentially the same methods of experiment and analysis. Importantly, measurements on eYFP were included; this permits crosscalibration of their results with other laboratories. Experimentalists ought to adopt one of the intrinsically fluorescent proteins as a calibration standard. But Nenninger et al. 140 found much less sensitivity to size in their diffusion measurements of GFP multimers in E. coli cytoplasm. They found that D followed the Stokes-Einstein equation for monomers through tetramers (27-111 kDa), but was significantly lower for pentamers, possibly due to size-related obstruction. Nenninger et al. 140 suggested that the greater size dependence found by Kumar et al. 139 was due to specific interactions.
How Good Are the Predicted D's?
Are the usual set of nonscalable proteins good enough, or is it necessary to make a set of scalable tracers? Here we examine the data of Tyn and Gusek and some more recent data sets. It is far beyond the scope of this work to systematically update and extend the Tyn-Gusek data set, and a detailed examination of some of that data seems more antiquarian than scientific. But some useful points can be made without a full review.
Tyn and Gusek 134 presented a log-log plot of calculated D versus observed D for 198 data points -proteins, DNA, S11 RNA, and viruses -ranging from ribonuclease, 12640 Da, to tobacco mosaic virus, 50 MDa. Fig. S1 a shows the Tyn-Gusek data set as a log-log plot of observed D versus Mr. The obviously fibrous species are marked: flagellin, 141 meromyosin, collagen, fibrinogen, myosin, RNA, and DNA. Viruses (including phages) are also marked. The line is a power-law approximation
with D in units of 10 −7 cm 2 /s and Mr in Da, calculated as in Dill et al. 135 The exponent is fixed at the value obtained by Hong and Lei 136 and the coefficient is from a least-squares fit to the entire Tyn-Gusek data set. The viruses follow approximately the same powerlaw dependence as the globular proteins because most of the viruses are isometric, that is, practically spherical. Phage lambda is approximately spherical because the measurements were on the head alone. Alfalfa mosaic virus is bacilliform, that is, rod-shaped with hemispherical ends. Several forms of this virus are known; the most asymmetric is the B form, with a length/diameter ratio of 3.1. The one geometrically extreme virus is tobacco mosaic virus, a cylinder with a length/diameter ratio of 16.7. Convenient websites for data on virus structures are Descriptions of Plant Viruses (www.dpvweb.net) 142 and VIPERdb (viperdb.scripps.edu).
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Most of the outliers are fibrous. The remaining outliers are the "aggregated" and "less aggregated" forms of β-casein; β-casein is known to form micelles. 144 One data point for γ globulin has a Mr similar to the four other values but a D around half that of the others. Both Mr and D for E. coli ribosomal 4S protein are seriously in error 145 but the corrected point is still within the globular protein cloud. 131 , Aragon and Hahn 146 , and Brookes et al. 147 Experimental data are shown but the simulations reproduce the data well. Experimental results for a set of large proteins and complexes (from urease, 480 kDa, to 70S ribosomes, 2.5 MDa) are also shown. 132 The full data sets from these references are shown; duplicates have not been purged. In addition, the simulation results of McGuffee and Elcock 137 for soluble proteins and ribosomes of E. coli are included. In view of the scatter in the Tyn-Gusek values for tobacco mosaic virus, recent values are included with the modern value of the Mr, and the observed range of D as pH and ionic strength are varied. 154 A recent value for eGFP is included as a reference point.
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The lines are power-law approximations. Eqn. S2 is a fit to the entire Tyn-Gusek data set, and Eqn. S3 is the corresponding fit to the globular protein subset of the Tyn-Gusek data, with the same fixed exponent,
to show that leaving out the viruses and the fibrous species has little effect. The Stokes-Einstein D, slope −1/3, is also included because the slope of the cloud of data points seems to lessen at large Mr. Fig. S1 b,c show what might be called the "globular biomolecule cloud," in which a wide variety of compact biomolecules -globular proteins, protein complexes, and viruses -fall into a consistent cloud of points, approximated by a power-law relation. The width of the cloud reflects scatter due to the nonscalability of a large assortment of globular proteins, combined with experimental scatter. There is scatter in D due to differences in techniques, calibration, pH, ionic strength, etc., nicely described in a review paragraph in a modeling paper by Durchschlag and Zipper 156 . The values of the Mr are a surprisingly large source of scatter in the older (pregenomics) literature. Sometimes in the Tyn-Gusek data set, entries for single substance have the same D and differ only in Mr. For viruses the variation in Mr may reflect the difference between capsids and intact viruses. Statements in the older literature about fibrous versus globular structures need to be reexamined in light of current understanding of quaternary structures, as in the cases of α-crystallin 157 and α2-macroglobulin.
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An updated version of the Tyn-Gusek data set would be needed to examine the dependence of D on Mr and shape systematically. The results might be of limited usefulness now that simulations can give good values of solution properties for proteins of known structure.
Some biomolecules -linear or branched random coilsare clearly outside the globular protein cloud. Fig. S1 d shows the merged globular protein data of Fig. S1 b, plus current results for DNA, and fractionated heparin, pullulan, and dextran. For references see the caption.
The old Tyn-Gusek DNA data is consistent with current DNA data, but the DNA size is precisely controlled in the current work. Robertson et al. 148 chose large DNA, 5900 to 287000 base pairs, 2.65-129 µm, so a minimum of ∼ 50 persistence lengths, and the exponent is equal to the value for a self-avoiding chain in a good solvent. The data set assembled from the literature by Amorós et al. 149 includes much shorter chains so there is a wide range of ratios of DNA length to persistence length, and the overall power-law fit is less interpretable.
The simplest way to understand this data is in terms of Flory-Huggins solvent types.
159,160 Table S1 gives values of the exponent ν in
where N is the number of monomers, and D ∝ 1/R(hydro). Values of ν are also discussed in Supporting Information 4.
The exponent for globular proteins is 0.392, close to the Flory value of 1/3 for a poor solvent. That is, water is a poor solvent for (the hydrophobic interiors of) globu-S12 Supporting Information 3 
Viruses ( attributed the low exponent of dextran to branching but the dextrans used in these experiments were 80 kDa to 100 MDa, and branching is considered important only for sizes > 100 kDa. 163 Experimental results for unfolded (chemically denatured) proteins are also included in the table. The exponents are close to the theoretical value for a selfavoiding chain in a good solvent.
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To summarize, one can find a reasonable estimate of log D for a globular protein just from the Mr. Is this good enough? It depends on the use. To analyze global properties of a generic cell 135 , the estimates are certainly good enough. To analyze reaction kinetics in dilute solution, the estimates are good enough that the uncertainties can be treated by the usual analysis of propagation of errors. But in work on a crowded or inhomogeneous system, better values might be advantageous, and to determine the percolation threshold of cytoplasm, a series of scalable tracers would be essential.
Radius of Gyration Tensor
Quantitative measures of shape are needed to characterize a set of tracers and determine how similar their shapes are. Descriptors based on the radius of gyration tensor are convenient for known structures. Two sets of descriptors are commonly used. In one, all the descriptors are dimensional. 164 We use the other, in which R(gyr) is dimensional but the other two shape parameters are dimensionless. 165 The radius of gyration tensor (strictly, the moment of inertia tensor because mass weighting is used) is defined as
where the origin is at the center of mass, and the averages are defined as, for example
where mi is the mass of the ith atom, M is the total mass, and the sum is over atoms. The eigenvalues of T are λx ≥ λy ≥ λz. The radius of gyration is given by the trace R 2 (gyr) = Tr T = λx + λy + λz (S7) and the mean eigenvalue is
The asphericity ∆ is defined as
It measures anisotropy, and ranges from 0 for a sphere to 1 for a rod. The shape parameter S is defined as
S14
It is negative for an oblate sphere and positive for a prolate. The range is [-1/4, 2]. Distributions of these shape parameters are given for a large, carefully chosen set of soluble proteins by Dima and Thirumalai 165 . They used PDBSelect 166 to obtain an independent subset of proteins with at most 25% similarity in sequences, and then they limited the subset to nonmembrane proteins with structures meeting specified completeness requirements. A total of 1177 proteins was used. This degree of care would be useful in work on D as a function of Mr.
Proteins in Text Fig. 1 Table S2 shows properties of the ten globular protein tracers for which the structures are shown in text Fig. 1 .
The mass and the number of amino acid residues are as given by the PDB (Protein Data Base) web site. Values of the radius of gyration, asphericity, and shape parameters are calculated from the PDB files, with hydrogen atoms added using the NIDDK PDB Utility Server. These calculations are done in Mathematica, using the definitions in the previous section. Atoms are weighted by mass. The current version of Mathematica can parse standard PDB files but not some modified files (a single chain selected in Rasmol, for example), so all the files were parsed using Linux utilities. Asterisks indicate modifications from the PDB files as downloaded to select a single chain (1OVA, 4F5S) or to form the tetramer (1HHO). In these cases the coordinates are used as obtained, with no relaxation step for the interface. No hydrogen atoms were added for 1MFR.
Does the asymmetry illustrated in text Fig. 1 and quantified in Table S2 matter? Usually the tracers are assumed to be effectively spherical on account of fast rotational diffusion. For 3D diffusion of a sphere of radius a, the translational and rotational diffusion coefficients are 
So the times for translation over one radius and rotation over one radian are of the same magnitude,
The reason the correlation times are often of much different magnitudes is that FCS or FRAP measurements of translational diffusion are on the length scale of the wavelength of light, not the particle size. A similar argument holds in the 2D case; see Saffman and Delbrück 167 for the translational and rotational mobilities. So in many diffusion measurements the asymmetry is averaged out. But as the time resolution of SPT experiments is improved, the averaging decreases, and in the cell, patchy specific interactions may be important. 
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Candidates
It would be useful to build a scalable series of tracers to serve as a probe of complex systems such as the cell, or the pores in a kidney. This would be a nonstandard challenge for designers of de novo proteins, to build a scalable series of generic globular proteins with minimal binding to naturally occurring proteins. Instead of starting with a scaffold and adding functionality, the problem is to make a scalable series of scaffolds. Blaber and Lee 168 provide an interesting discussion of bottom-up versus top-down protein design. The detailed design of scalable soluble proteins is beyond the scope of this review, but I will point out the requirements and describe a few examples to argue for feasibility.
One approach is to make proteins with a string of linked α-helices, with hydrophobic surfaces chosen to drive folding into parallel helices, possibly with disulfide bonds to stiffen the linkages between helices. The length of the α-helices could be varied to make the final structure more spherical than disk-shaped. The preparation of this series of tracers would be relatively scalable. This approach would extend current work on protein maquettes, that is, functional synthetic proteins simpler than the biological forms. Much work has been done on adding biochemical functionality to bundles of four α-helices. [169] [170] [171] [172] Here a series of bundles of different sizes is needed, designed to avoid biochemical functionality.
Another approach is based on β-barrel or α/β proteins. Soluble β-barrels with a hydrophilic exterior include proteins as prominent as chymotrypsin, strepavidin, and green fluorescent protein, but the size is only 6-8 strands.
Pure β-barrels are reviewed by Flower et al. 173 in terms of the calcyin structural superfamily, which is a group of proteins with closely related structures but little similarity in sequence. This superfamily includes lipocalins, which are usually 8-stranded with a few 6-stranded; avidin and metalloprotease inhibitors, which are 8-stranded and more circular in cross-section than lipocalins; and fatty acid binding proteins, which are 10-stranded. Lipocalins bind hydrophobic species; typically one end of the barrel is open and the other is plugged. 174 This structure suggests that one could engineer barrelheads in the ends to make the structure stiffer and with more circular, just as in transmembrane β-barrels. Synthetic analogs called anticalins have been prepared, though the emphasis is on obtaining selectivity via the loops at the open end, not on varying the barrel size. 175 Other β-barrels are the Greek key and jelly-roll structures.
176 A very common structure is the 8-stranded α/β barrel or TIM (triosephosphate isomerase) barrel; 10-stranded α/β barrels also occur.
176 A larger protein with mostly β-barrel structure is green fluorescent protein and its analogs, with 11 strands. Overall, the known examples of soluble β-barrels and α/β proteins cover a much smaller range of strand numbers than transmembrane β-barrels do.
A third approach would be to assemble the structures from small protein building blocks. This approach is successfully used in nature to make ferritins and viral capsids, for example, and in pioneering synthetic work to make nanostructures.
177 But the synthesis is not particularly scalable. Each size of tracer would require its own set of connections among building blocks, differing in angles.
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Wanted: Scalable Tracers for Diffusion Measurements
Supporting Information 4 Candidate Species: Carbohydrates and Synthetic Polymers Michael J. Saxton S17 Next we discuss carbohydrates and synthetic polymers. The organic fluorescent beads already considered are of course synthetic polymers but here we consider materials for which the standard analysis of polymer solution properties is useful.
Analysis
The diffusion properties of polymers are directly related to their size and branching so this section summarizes methods of characterization. Polymers are likely to be heterogeneous so the analysis is complicated, especially if branching occurs.
Traditional chemical analysis provides some information, particularly in the case of those polysaccharides for which highly specific enzymatic degradation can be used. Naessens et al. 178 reviewed chemical and biochemical approaches to dextran structure. NMR gives the fractions of branching points and terminal groups.
The standard approach to characterization is size exclusion chromatography (SEC) (also gel permeation chromatography, gel filtration chromatography) with multiple detection. The usual detection methods are differential refractometry, differential viscometry, multiangle (laser) light scattering photometry, and quasi-elastic light scattering. These methods yield solution properties as functions of elution volume. The refractive index measures concentration. Static and dynamic light scattering give the radius of gyration R(gyr) and the hydrodynamic (Stokes) radius R(hydro), and separate experiments give the thermodynamic radius from the second virial coefficient. The intrinsic viscosity gives the viscosity-averaged radius.
All the radii are expressed as power-law functions of the molecular mass Mr R = KM a r (S14) where K and a are the Mark-Houwink parameters for each radius. For solid spheres, a = 1/3 and for R(gyr) and R(hydro) for random coils, a = 0.5 − 0.6. The intrinsic viscosity varies similarly, with a = 0.5 − 0.8. Branching is indicated by deviations from linearity in a log-log plot of radius versus Mr. The analysis is often complex because one must consider the particular average that each type of measurement yields (number, mass, viscosity, or z-average) and the effect of polydispersity on each of these averages. Rolland-Sabaté et al. 153 provide a convenient summary of the various radii, molecular masses, and power law relations, including tables of values for theoretical models and extensive experimental results for dextrans and other polysaccharides.
Deviations from the power law occur because SEC separates on the basis of hydrodynamic volume, not mass, so that there can be structural heterogeneity within a fraction of the same hydrodynamic volume. The heterogeneity can be resolved using temperature gradient interaction chromatography to bring in enthalpic factors, or multidimensional chromatography. Many reviews are available on special topics, including multiple detection, 153, 179 branching, 180-182 temperature gradient interaction chromatography, 183, 184 and universal calibration of SEC columns.
185,186
Solvent quality is defined using the standard FloryHuggins polymer model, in which solvent types differ in the exponent of the power-law relation between the polymer radius R and the number of monomers N. In a poor solvent, the monomer-monomer attraction is stronger than the solvent-monomer attraction, so the polymer tends to a compact conformation, with R ∝ N 1/3 at low temperature. In a theta solvent, the solvent-monomer energetic attraction cancels the monomer-monomer excluded volume repulsion, and the polymer conformation is a random walk, with R ∝ N 1/2 . In a good solvent, the solvent-monomer attraction is stronger than monomermonomer attraction so polymers tend to be in an extended conformation, with R ∝ N 3/5 in the Flory approximation. An athermal solvent is a special case in which the monomer-monomer, solvent-monomer, and solventsolvent interactions are equal, so energetic interactions have no effect and the conformation is purely a matter of entropy and excluded volume. The Flory-Huggins classification can be described formally in terms of excluded volume.
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Polysaccharide Structures
Polysaccharides may or may not be scalable in size. For some the size can be varied without varying the structure, but for others the degree of branching may vary with size or the diffusion mechanism may vary with environment.
Three classes of structures are considered: linear, branched, and hyperbranched. An important example of the linear class is pullulan, a nonionic, highly flexible polysaccharide that has been used as a calibration standard for SEC of polysaccharides.
181,187,188 Solution properties of pullulan and dextran are compared in detail by Nordmeier 152 and by Rolland-Sabaté et al. 189 Among branched polysaccharides, it is essential to distinguish between comb structures with many short side chains, and structures like dextran with some long chains. Experiments on various comb polysaccharides were reported by Stokke et al. 190 One example is schizophyllan, with a single-glucose side chain at every third backbone glucose. In solution, it forms a triple helix stabilized by hydrogen bonds. At the residue scale, schizophyllan is a comb but at the scale of a macromolecule in solution, it is linear. Dubin 191 recommended it as an SEC standard because it is one of the few stable nonionic helical polysaccharides, and the lack of charge is an advantage over DNA. Dubin suggested schizophyllan as a rodlike linear standard and pullulan as a flexible linear standard. The difference in flexibility is large. The persistence lengths for pullulan 192 were 1.4-3.1 nm for mass 100 kDa to 1 MDa but the values for schizophyllan 193, 194 were in the 100-200 nm range. The branching structure of dextran is more complicated and is discussed in the next section. The final class of polysaccharide is hyperbranched, a random dendrimer-like structure discussed later in this Supporting Information.
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Dextran
Dextrans 163, 178 are commonly used as tracers and as crowders so they warrant a detailed review. Crude dextrans are large macromolecules (> MDa) obtained from fermentation of sucrose, commercially by the B-512F strain of Leuconostoc mesenteroides. Commercial dextrans are produced from the fermentation product by partial acid hydrolysis followed by fractional precipitation.
Structure. Dextran structure has been studied extensively by SEC-based methods but the branching topology is still incompletely understood. For standard commercial dextrans, a fair oversimplification for purposes of this review is as follows. Dextran is a α(1 → 6) glucan with around 5% branching, but 85% of those branches are very short, only 1 or 2 glucose residues long, and chains that short have little effect on solution properties. The solution properties of dextrans are strongly influenced by a small fraction of long side chains, on the order of 50 residues. Naessens et al. 178 reviewed dextrans with other branching structures, not necessarily commercially available.
A widely accepted principle in dextran research is that solution properties are controlled by the small number of long branches, not the large number of short branches. But tracking down the evidence for this principle is not as simple as it might appear. One clear statement of the principle is in the experimental paper of Kuge et al. 195 analyzing branching by means of SEC and viscometry. Short chains "would give no appreciable contribution to the solution properties" on the basis of the arguments of Billmeyer 196 . A more complete and consistent treatment can be based on the results of Berry and Orofino 197 giving the contraction (or shrinking, or branching) factor g for comb polymers. Here g is defined as the ratio of the mean radius of gyration for the branched polymer to the mean radius of gyration for an unbranched polymer of the same Mr. Calculations of g assume that the backbone and side chains are pure random walks (that is, the polymer is in a theta solvent). Consider a regular comb polymer in which the repeating unit consists of a backbone segment and a single side chain. The key parameter is the ratio r of the side chain length to the distance along the backbone between branching points. For the side chains to have a significant effect, their length must be comparable to the separation of the branching points. Consider a polymer of length 100 repeating units. By definition g = 1 for r = 0. For short side chains, g is near 1, for example 0.909 for r = 0.1. But for r = 1, g = 0.670 and for r = 2, g = 0.507. For long polymers the value of g depends only weakly on the backbone length, so a length of 100 is representative. If r = 1, g varies by less than 1.5% when the backbone length is varied between 50 and 200 residues. An experimental complication for dextran is that the unbranched polysaccharide -the pure backbone without short chains -is not available. For workarounds see for example Ioan et al. Characterization. The evidence for the short chains is from chemical characterization and NMR. 198 The evidence for the long chains is from log-log plots of solution properties versus Mr, which show power-law dependence at low Mr and deviations at higher Mr. Solution properties include specific viscosity, the z-average R(gyr) from dynamic light scattering, and the hydrodynamic radius from static light scattering. The plots show significant deviations from the expected behavior for random coils, even a random coil with short side chains, implying that the remainder of the branches must be long enough to give the observed solution properties. 152, 153, [199] [200] [201] Smaller dextrans, < 100 kDa, are random coils in solution, but larger dextrans show effects of branching. Dextrans with long branches are more compact than random coils. Recall that dextrans are prepared by hydrolysis of the original natural product, so the branching pattern may reflect effects of both synthesis and hydrolysis. Two recent detailed studies of dextran structure conclude that the chemical and solution structure are "not completely elucidated" according to Vollmer et al. 201 and the branching topology is "not fully understood" according to Rolland-Sabaté et al.
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Diffusion. Another question is the diffusive behavior. In work on renal permeability, Venturoli and Rippe 202 argued that dextran is linear and flexible so it is hyperpermeable compared with globular proteins. In artifical membranes with track-etched pores, dextran can pass through smaller pores than its hydrodynamic diameter would allow. Note that long branches would be expected to interfere with reptation. Oliver and Deen 203 presented a Monte Carlo model of transport of random coil dextran through a pore, including both entropic effects and the interaction energy with the pore wall. Weiss et al. 204 measured diffusion of dextrans in HeLa cell cytoplasm by FCS, and found that 40 kDa dextran was much more subdiffusive than 500 kDa dextran. They proposed that motion of the 40 kDa dextran was partially reptational, but the larger dextran was more globular and moved by obstructed diffusion. They further proposed using the anomalous diffusion exponent as a quantitative measure of crowding.
Conclusion.
In view of the ambiguities about branch structure and diffusional dynamics, are dextrans the best choice as standard tracers and crowders? Is dextran a calibration standard or a research problem? An answer or a question?
Branch-on-Branch Polymers
Next we discuss branch-on-branch polymers, 205, 206 specifically Ficoll, dendrimers, hyperbranched polymers, and dendrigraft polymers. The generic advantage of branch-on-branch polymers is that the cascading branches block a transition from ordinary diffusion to reptation. Their generic disadvantage is that there is no equivalent of the reducing ends of reducing polysaccharides, no unique site for fluorescent labeling post-synthesis. One must build the fluorophore into the core or build a protected attachment site into the core at the price of some loss of spherical symmetry. So a constraint for some branch-on-branch polymers is, some synthesis required, at least when the experiments are sensitive enough to require uniquely labeled tracers. The charge or surface properties of branch-on-branch polymers can be modified by capping the terminal groups with an appropriate moiety. Ficoll and some dendritic and hyperbranched polymers are commercially available.
Ficoll
Structure. Ficoll (now a trademark of GE Healthcare Life Sciences) is a commercial synthetic polysucrose often used as a crowder or a tracer. It is a copolymer made by reaction of sucrose and epichlorohydrin [1-chloro-2,3-epoxypropane, (chloromethyl)oxirane] in aqueous NaOH, as shown in Fig. S2 , and fractionated by stepwise precipitation, as described in the patent.
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As shown in Fig. S2, 2,3 -epoxypropyl ethers are formed at hydroxyls, and these epoxides are opened by reaction with water or a nearby hydroxyl. The resulting structure includes intramolecular diether crosslinks, intermolecular diether crosslinks, and monoether substituents. The reader can imagine the combinatorics, though some linkages are disfavored sterically. The short chains presumably have little effect on solution properties, just as in the case of dextrans, but they contribute to the chemical complexity. For examples of possible structures see the work of Holmberg et al. 208, 209 on model compounds for Ficoll fragments. For more information on the chemistry and analytical methods, it is useful to go outside the Ficoll literature to references on epichlorohydrin crosslinking of polysaccharides such as maltodextrins, 210 partially hydrolyzed starch, 211 and especially the crosslinking of dextran to make Sephadex. 212 Dextran and Ficoll have been fractionated by chromatography on Sephadex G-200.
213
Characterization. For applications to diffusion, crowding, and renal filtration, it would be useful to better characterize Ficoll, a point made by Groszek et al. 214 . This commercial product is less well characterized in the literature than commercial dextrans are. Some basic questions apparently unanswered are the density of crosslinks, the degree of branching, and the NMR spectra. Presumably these gaps are due to the chemical complexity and the nonuniformity of the random crosslinking. But note the comment of Fissell et al. 215 that their Mark-Houwink exponents for Ficoll 400 from 2010 agree closely with those of Lavrenko et al. 216 from 1986, implying consistent manufacturing over decades.
The most advanced analysis of Ficoll solution properties has been done in the renal filtration literature. Fissell et al. 215 used standard multidetector SEC on Ficoll to show that the Mark-Houwink exponents for the intrinsic viscosity were 0.34 (Ficoll 70) and 0.36 (Ficoll 400), between the value of 0 for a solid sphere and 0.5-0.8 for a random coil. Groszek et al. 214 used similar experiments to show that there was little difference between neutral and anionic forms of Ficoll. Georgalis et al. 217 found two different sizes of particles in Ficoll 70 by means of light scattering experiments.
In the SEC calibration literature, Wang and Dubin
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found that the retention of Ficoll in SEC experiments depended on pH and ionic strength, implying that Ficoll was not neutral but weakly charged. The charge may be the result of oxidation of terminal aldehydes. Diffusion. Briefly, Ficoll is more spherical than dextran. It is sufficiently crosslinked that it cannot reptate, but it is not a rigid sphere. This is basically the view of Asgeirsson et al. 219 based on experiments in vivo, but I will summarize the argument in terms of experiments on pores, artificial and natural, from Fissell et al. 220 Similar arguments are made by Venturoli and Rippe 202 . The text section Tunable Deformability discusses the views of Asgeirsson et al. 219 on deformability. Ficoll is more spherical than dextran, as shown by Bohrer et al. 221 Narrow-molecular-mass fractions of dextran and Ficoll were prepared by SEC and their diffusion through a track-etched membrane was measured. Diffusion of Ficoll was close to theory for a sphere, but dextran diffused through the pores more readily. The pore diameters were varied between 30-70 nm, so the pores were much larger than the diffusing polymers. Similarly, Dubin et al. 222 used carboxylated starburst dendrimers of generations 0.5 to 7.5 as a calibration standard for SEC. The exponents in the power-law equations for intrinsic viscosity and D versus mass were close to those for an impenetrable sphere, and the curves of the chromatographic partition coefficient versus radius for dendrimers and Ficoll were very close. The Ficoll data were from the same S20 laboratory. 223 These experiments used a Superose 12 column, for which the pore size was 12 or 17 nm, in either case larger than the Ficoll. Similarly, experiments on rat kidney found that Ficoll was more spherical and proteinlike than dextrans.
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But other experiments on rat kidney found that Ficoll is more deformable than globular proteins are. 219 Sieving coefficients were measured as a function of Stokes-Einstein radius for various polymers, and were fit to a two-pore model. The observed small-pore radius was 3.74 nm for rigid globular proteins, but larger for more flexible polymers: 4.66 nm for Ficoll, 6.42 nm for dextran, 6.73 nm for pullulan, and 8.24 nm for PEO. 219 Here the pore size was close to the size of the diffusing polymers. Fissell and collaborators 220 measured transport of Ficoll 70 through silicon slit nanopore membranes with slit widths of 8-90 nm. This experiment enabled them to vary the ratio of the polymer radius to the slit width over a wide range, and they interpreted earlier work in terms of this ratio. They measured the sieving coefficient of the rigid globular protein albumin as a function of this ratio and found good agreement with the predicted values for a rigid sphere. But Ficoll molecules could penetrate the pore even when the Stokes-Einstein radius was greater than the slit width, implying deformability.
Dendrimers
Structure. Dendrimers are "iteratively branched macromolecules"
225 made up of a core and branching groups. The synthesis is also iterative, so the branching is regular, systematic, and deterministic, but the synthesis is complicated. Each iteration to add a monomer shell requires a series of reactions to deprotect, link, and protect, as well as a purification step. Dendrimers are prepared either by divergent synthesis, in which generations are added successively to the core, or by convergent synthesis, in which branching structures (dendrons) are synthesized, purified, and then linked to the core. Dendrimers are described in terms of generations, each consisting of one shell of branching monomer. (Readers are cautioned to check what numbering scheme is used in each reference.) The dendrimers are uniform within each generation, at least for the first few generations. Work on very large dendrimers examines deviations from the ideal as the generation number increases. 225, 226 In many of the preparations the monomer has two branches, but sometimes three or four are used. See the reviews of Tomalia et al. 227 and of Astruc et al. 228 A recent review of the synthesis of dendritic and hyperbranched polymers 229 provides an overview of what exists, useful even to a reader with no interest in the synthetic organic chemistry.
A fundamental limit to dendrimer size is that the number of monomers to be added increases exponentially with the generation number but the volume available only increases as the cube of the radius. An early model by de Gennes proposed that the limiting factor is the surface area, increasing as the square of the radius, a view reinforced by the usual 2D structural formulas of 3D dendrimer structures. Later work showed that for flexible dendrimers, backfolding of terminal groups implies that the limiting factor is volume, not surface area. Boas et al. 230 discuss the factors affecting backfolding. The steric limit on size can be evaded by using longer spacers or even by increasing the length of spacers at each generation. Typical diameters are 1-10 nm, a small range for probes but nicely in the range of "bioassemblies." 228, 231 A publishably large dendrimer 225 was made from polyphenylene, generation 6, 271.6 kDa, diameter 28 nm.
Both rigid and flexible dendrimers have been prepared, and some are commercially available. Polyphenylenes are a prominent example of rigid dendrimers, with a mean persistence length around 20 nm, that is, 46 phenyl units. 232 Common examples of flexible dendrimers are poly(propylene imine) (PPI) and poly(amidoamine) (PA-MAM), shown in Fig. S3 . In PAMAM the terminal groups are all amines though backbending implies that the surface is not. One can use the standard amine-reactive fluorescent labels developed for proteins, but the more homogeneous and geometrically simple dendrimer surface might be unnatural enough to diminish biochemical interactions. A disadvantage of PAMAM is that ionization of the amines must be dealt with.
Many different branching monomers have been used, and many different substituents can be put on the terminal groups, so properties such as solubility can be varied considerably. Dendrimers include charged forms, lysinebased, sugar-coated, and PEG-coated. Water-soluble forms are emphasized for biomedical applications such as controlled drug release.
228
Dendrimers and hyperbranched polymers (see next section) can be assembled around fluorescent or scattering cores. For fluorescence, published syntheses are of small (low-generation) branched polymers to enhance the quantum yield by preventing dye aggregation, including perylene in polyphenylene dendrimers 232 and fluorescein or perylene in polyglycerol dendrimers and hyperbranched polymers. [233] [234] [235] Dendrimers have been designed containing multiple dyes for vectorial energy transfer to the core acceptor.
232, 236 Weil et al. 236 review work on watersoluble rylene fluorophores for biological applications.
Gold beads encapsulated in dendrimers or hyperbranched polymers have been prepared. In the work of Zill et al. 237 , hyperbranched polyglycerol dendrons were linked via an amine to gold nanoparticles of diameter 13.5 nm, and in the work of Pérignon et al. 238 hyperbranched dendrons similar to those in PAMAM were linked to gold nanoparticles of diameter 4-9 nm. In much of the other work, 239-241 the gold particles were in the 1-2 nm range, too small to be useful as scatterers in SPT experiments. But fluorescence from small gold and silver particles has been reported, including some stabilized by dendrimers. For example Au8 stabilized by poly(amidoamine) dendrimers showed a quantum yield of 42% though the emission peak was at 455 nm. Larger clusters gave longerwavelength emission but at lower quantum yields. approximation to an ideal nonprotein standard. Striegel et al. 244 used multidetector SEC to examine dilute solutions of dendrimers and polysaccharides, including PA-MAM, PPI, dextrans, and maltodextrins from starch degradation. For dendrimers, the Mark-Houwink power law relation between intrinsic viscosity and Mr showed an inversion around the 3rd or 4th generation. The inversion was attributed to the transition from a disklike conformation to a spherical one.
Diffusion. Dendrimers have several structural advantages as scalable labels: the diameter is uniform within each generation, the terminal groups are uniform among generations, and the size can be varied systematically. The core can be chosen to be a fluorescent or scattering label, or terminal groups can be labeled. The disadvantages are the limited range of diameters and the complexity of the syntheses.
Dendrimers also have a dynamical advantage, that the branching structure suppresses reptation and entanglement. Dendrimer solutions have a lower viscosity than the corresponding solutions of linear polymers because the polymers are spherical instead of entangled. Direct comparison of dendrimers with their exact isomeric linear comb equivalents were carried out by Hawker et al. 245 on poly(benzyl ether), and their melt properties were examined by Hay et al. 246 Similarly, viscosities of hyperbranched polymers were compared with the linear analog for esterified polyglycerols.
247
An important general solution property of dendrimers is that their interaction is soft. For flexible dendrimers, the peak density is in the core (dense-core model) due to backfolding of terminal groups, not at the periphery (dense-shell model). The soft matter physics of dendrimers and star polymers was reviewed by Ballauff and Likos 248 and by Likos 249 . Yu and Russo 250 used pattern FRAP and dynamic light scattering to measure diffusion of G3 and G5 PA-MAM labeled with FITC. McCain et al. 251 used 3 generations of PAMAM dendrimers as diffusion probes in a model film of porous silica nanospheres. FCS and concentration jump measurements were made, both using total internal reflection fluorescence. A very interesting study by Cheng et al. 252 compared obstructed diffusion of dendrimers, dextran, the globular protein ovalbumin, and polystyrene latex beads. The obstacles were polymers: polyethylene oxide (40, 200 , and 600 kDa) and guar galactomannan (2 MDa). The diffusion measurements were by fringe pattern photobleaching and confocal FRAP. Diffusion coefficients were discussed in terms of the fractal dimension and deformability of the tracers. For NMR measurements of diffusion of PAMAM dendrimers, see 253 for generations 0-7 in methanol, with two different terminal groups, and 254 for generations 0-3 in aqueous solution. A multiscale calculation of solution properties of dendrimers was presented by del Río Echenique et al.
255
Hyperbranched Polymers
Structure. Hyperbranched polymers are polymers in which multiple layers of random branches make a structure resembling a dendrimer but with random branch points and branch lengths. Hyperbranched polymers can be regarded as imperfect dendrimers, structurally intermediate between linear polymers and dendrimers. Like dendrimers they have a large number of terminal groups. Their great advantage over dendrimers is ease of preparation: a one-step synthesis instead of a multi-step synthesis with purifications of intermediates. The disadvantage is that hyperbranched polymers are often highly poly-S22 disperse.. Separation procedures such as precipitation and preparative-scale SEC can be used to reduce polydispersity. Specialized synthetic methods such as polymerization in a dioxane emulsion yield more uniform products.
256,257
One naturally occurring example is glycogen, with a protein core surrounded by polysaccharides consisting of linear α(1 → 4) chains of glucose residues with α(1 → 6) branching every ∼ 10 glucoses. The spacing results from the chain length required for binding of the branching enzyme. And, as pointed out by Senti et al. 258 long ago in work on dextran, hyperbranching occurs because the branching enzyme has no way to distinguish between the original oligomer and later branches. Higher-order organization occurs; rat liver glycogen is organized into β-particles 20-25 nm diameter which assemble into α-particles 110-290 nm diameter. We do not consider glycogen as a tracer because the size and structure are highly sensitive to the source and details of preparation, and because glycogen can be metabolized by cells.
259-261
Another natural example is amylopectin, one of the components of starch. The structure is the same as glycogen but branching occurs every 24-30 glucose residues. We do not consider amylopectin as a tracer. The structure is too complicated, and the literature emphasizes the various levels of higher-order organization involved in forming starch granules. 262 Furthermore, amylopectin can be metabolized by cells.
On the general requirement of metabolic inertness, Naessens et al. 178 pointed out that an advantage of dextran in clinical applications is that it has a high fraction of the slowly hydrolyzed α(1 → 6) linkage, whereas the α(1 → 4) linkage in glycogen and starch is hydrolyzed rapidly.
A very promising synthetic material for scalable tracers is hyperbranched polyglycerol, 257 shown in Fig. S4 , a material of great interest for biomedical applications on account of its biocompatibility. It is structurally similar to poly(ethylene glycol); they are compared in Fig. S5 . Large particles, up to 100 nm diameter, have been prepared, depicted as spheres made up of covalently bound smaller polyglycerol spheres. 263, 264 Polyglycerol nanogels can be prepared with diameters of tens to hundreds of nm, and fluorescent forms have been made. 265 Fluorescent conjugates of hyperbranched polyglycerols with fluorescein or perylene diimide have been synthesized. 234 At least for proof-of-concept experiments, commercial hyperbranched polyglycerols could be used as scalable tracers, with nonspecific fluorescent labeling of hydroxyls by the method long used for dextrans.
266
Another synthetic material is hyperbranched PAMAM, the random analog of the PAMAM dendrimer. 267 An advantage of PAMAM over polyglycerol is that PAMAM can be labeled readily with the usual amine-reactive protein labels. An advantage of polyglycerol is that it is neutral but the ionization of terminal amines must be considered in PAMAM. More accurately, polyglycerol is nominally neutral, and ought to be analyzed as in the work of Wang and Dubin 218 that found Ficoll to be weakly charged, not neutral.
Characterization. Solution properties of hyperbranched polyglycerol were measured by SEC 256 and by small-angle neutron scattering. 270 Dendrimers and hyperbranched polymers are more uniform than dextran, simplifying modeling, as in the random branching model of Konkolewicz et al.
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Hyperbranched polymers are described in terms of the fraction of monomers with various connectivities: dendrimeric (D), linear (L), and terminal (T ), as shown in Fig. S4 c for polyglycerol. 268 The degree of branching DB is defined as
and is 0 for linear polymers and 1 for perfect dendrimers. For random addition with trifunctional monomers, DB is 0.5 or 0.66 depending on the way the reaction is carried out. Observed values for hyperbranched polyglycerol are 0.53-0.59 from 13 C NMR measurements. The fraction of L residues, L/(D + L + T ), is also important here because the internal hydroxyls on the L residues can be crosslinked to tune the deformability without changing surface properties, as discussed in Supporting Information 6.
Baille et al. 272 used pulsed gradient spsin echo NMR to measure diffusion of hyperbranched polyglycidol fractions in aqueous solutions of poly(vinyl alcohol) ranging from pure water to viscous gels. The hyperbranched polymers were characterized by SEC and mass spectroscopy. The branching structure was examined by 13 C-NMR. Diffusion and conformation were discussed in terms of Flory exponents. Conclusion. Synthetic hyperbranched polymers, particularly hyperbranched polyglycerol, are appealing candidates as tracers or crowders. Hyperbranched polymers are less difficult to synthesize than a similar range of dendrimer sizes would be. One ought to be able to make a range of sizes with a statistically uniform structure. Just as with dendrimers, branching imposes approximate spherical symmetry and inhibits the diffusion-to-reptation transition. The main disadvantage is that the polydispersity must be dealt with by some combination of synthesis and purification.
Dendrigraft (Arborescent) and Related Polymers
We note briefly some other types of iteratively branched polymers. One class is dendrimers in which the branching structure is the same as in conventional dendrimers but the building blocks are linear polymers instead of small molecules. The advantages are that the overall size of the dendrimers is large, and the dendrimers can be made in a structurally precise manner. 273 The disadvantage is that the solution dynamics is likely to be intermediate between ordinary dendrimers and linear polymers, with tendencies to what Phillies 274 calls "teuthidic" (squidlike) motion. The same argument holds for hyperbranched polymers synthesized from linear polymer building blocks.
A related class of structures is the dendrigraft polymer. 275, 276 These are random hyperbranched polymers synthesized from linear polymer building blocks, but here each linear polymer has many possible branch points so that the branching multiplicity is high, 10-15 instead of 269 Further specificity would be provided by reactions that distinguish terminal 1,2-diols from terminal 1,3-diols. S24
2-3 for the conventional case. The building blocks are larger than in the usual hyperbranched polymers, so the dendrigraft polymers are large, in the potentially useful size range of 10 kDa to 100 MDa, 10 nm to a few hundred nm. Furthermore they are less polydisperse than hyperbranched polymers, Mw/Mn < 1.1. Measurements of solution properties of arborescent polystyrenes show them to be hard core, soft shell, with the outermost polymer layer forming the soft shell.
Star Polymers
Star polymers consist of a core to which unbranched linear arms are attached. [277] [278] [279] In star polymers, the core is much smaller than the arms, but in sterically stabilized nanospheres, the core is larger than the arms. These two cases can be treated as limits with a crossover.
280
The properties of star polymers depend on the length of the arms and the number of arms f . The f = 1 and f = 2 forms are linear polymers. As f increases, the inherent asymmetry decreases and the polymer becomes more spherelike. The polymer becomes more like a hard sphere on account of steric repulsion of arm segments near the core. Hard-sphere-like behavior is evident 281 for f = 64. Star polymers thus interpolate between linear polymers and sterically stabilized hard spheres. This behavior was shown in simulations of the effective potential between a pair of star polymers. As f was increased from 18 to 256, the potential steepened considerably. 277, 282 Many star polymers are hydrophobic, such as those discussed by Likos 277 : polyisoprene stars, f = 8 and 18, and polybutadiene stars, f = 32, 64, 128, all monodisperse in the number of arms and the degree of polymerization. Hydrophilic star polymers may be based on PEG arms, as reviewed by Lapienis 278 . One route to PEG-based star polymers with large f is to use a dendrimer or hyperbranched polymer as the core. 278 Fleischer et al. 283 used PFG NMR to measure selfdiffusion of star polymers as a function of concentration and arm length; 128-arm polybutadiene star polymers in toluene were used, with R(hydro) of 14.1 to 31.2 nm.
PEG and Analogs
The extensive work done on PEG-related polymers presents an opportunity to examine the effects of polymer topology on diffusion using water-soluble, highly biocompatible polymers. Here PEG is poly(ethylene glycol). PEO, poly(ethylene oxide), is chemically the same. PEG is short enough that the end hydroxyls are significant; PEO is long enough that they are not. Fig. S5 compares PEG with linear polyglycerol, also called linear polyglycidol.
Star-shaped PEG polymers are reviewed by Lapienis 278 . Hyperbranched and dendrimeric forms are reviewed by various researchers. [233] [234] [235] 257 Hyperbranched PEG has been prepared from random copolymerization of ethylene oxide and glycidol 284 and block copolymers of PEO and polyglycerol have been prepared. 285 Related polymers are discussed by Rele et al. 286 , Feng et al. 287 , and Taton et al. 273 , and larger particles by Calderón et al. 263 and Steinhilber et al. 264 The missing type is the dendrigraft with many branch points per polymer building block. The form reported in the literature is an ordinary dendrimer made of polymer building blocks.
Significant progress has already been made on the diffusion problem. Wang et al. 288 used PGSE NMR to measure diffusion of PEG-like polymers in aqueous solutions of poly(vinyl alcohol) solutions ranging from pure water to poly(vinyl alcohol) gel. Behavior of linear, star, and dendritic forms were compared, and the Mr of each form was varied.
One disadvantage is labeling; a generic hydroxyl label must be used so the location and numbers of fluorophore are variable. A potentially more serious disadvantage is the protein-PEG interaction that has led to criticism of PEG as a crowder. The problem is the attraction between PEG and nonpolar or hydrophobic side chains on the protein surface. This protein-dependent attraction partially compensates for the excluded-volume repulsion underlying crowding. Other crowders -dextrans, Ficoll, hemoglobin, bovine serum albumin -do not have this attraction and are preferred. 289 For a contrary view see.
290
If a polyglycerol dendrimer or hyperbranched polymer is to be used as a crowder, it must be tested similarly.
Microgels
Microgels are crosslinked latex particles swollen by a good solvent. The particles are limited to the colloidal size range by carrying out the polymerization and crosslinking in microemulsions or emulsions. The particles swell in a good solvent but retain their spherical shape due to the crosslinking. 291 A common hydrophilic microgel -with various acronyms -is poly(Nisopropylacrylamide), made from N-isopropylacrylamide with N,N ′ -methylene-bis-acrylamide crosslinker and say 4-acrylamidofluorescein as a covalently linked fluorophore. There is considerable interest in this microgel because the swelling is strongly temperature-dependent, and the transition temperature is near body temperature. Paloli S25 et al. 292 used a similar microgel in a confocal microscopy study of colloid dynamics and glass formation. The diameter was 714 nm, the polydispersity 4%, the crosslinking 5 mol%, and the label rhodamine B. Bartsch et al. 293 used microgel particles as a model of glass formation. The particles were polystyrene or poly(t-butylacrylate), diameter 50-326 nm, in water or various organic solvents.
Microgel properties are strongly dependent on the density of p crosslinkers. The density affects the amount of swelling in a given solvent, and therefore the particle size, the deformability, and the viscosity of the solution. For example, Wolfe and Scopazzi 294 measured the size of PMMA microgels in a good organic solvent and the macroscopic viscosity of the solution. As the crosslinking density increased, the particles became smaller and the viscosity decreased.
Bartsch et al. 293 raise an important point affecting microgels as scalable tracers. As the density of crosslinkers increases, the length of polymer chains between crosslinks decreases, and likewise the chain length of loose polymer ends at the surface decreases. (Both lengths are taken to be the mean lengths assuming complete reaction of the crosslinker.) But these loose ends act as a steric stabilizing layer, and the hairy-sphere repulsion (Supporting Information 5) depends on the ratio of the length of the dangling ends to the particle radius. Thus microgels are not automatically scalable.
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Michael J. Saxton S27 Now that we have described the different polymer structures of interest, we can discuss tracer-tracer interactions. The interactions are a fundamental part of the characterization of the tracers, and one measure of the softness of various types of tracer. A highly informative review by Likos 277 emphasizes potentials and another, by Vlassopoulos and Fytas 279 , emphasizes structures, densities, and the tunability of the softness. Interactions in some mixed systems have been studied, for example between star polymers and hard colloidal particles. 277 The case of interest in cell biology -the interactions of candidate tracers with proteins -does not seem to have been studied much except in the crowding literature.
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In a very interesting experimental paper, Yethiraj and van Blaaderen 295 presented a model colloidal system in which the interaction was tunable from hard sphere to soft dipolar. The particles were sterically stabilized PMMA spheres, and a mixed organic solvent was used to match both density and refractive index. The potential was tuned by means of an external AC field. The high degree of control enabled these workers to map out a complex phase diagram. This work is an instructive example of experimental rigor, even if that level of rigor is not attainable in measurements on cells.
Conventional Potentials
Various conventional potentials are often assumed for protein-protein, polymer-polymer, and colloid-colloid interactions. In these potentials, r is the radial coordinate, ǫ is an energy in units of the thermal energy kT , rHS is the hard-sphere radius, and r0 is a characteristic radius of the order of the radius of gyration. In all, V (r) is infinite as r → 0.
Hard sphere
3. Inverse power law
This form interpolates between the Coulomb potential for n = 1 and the hard-sphere potential for n → ∞. In standard liquid theory, this is classified as a soft potential as distinguished from a hard-sphere potential, n is a measure of the steepness or stiffness, and 1/n a measure of the softness. 4. Lennard-Jones potential
5. Yukawa or screened Coulomb potential, usually with a hard-sphere core
where λ is the Debye screening length. 6. The DLVO, Derjaguin-Landau-Verwey-Overbeek, potential for a pair of spherical colloidal particles in an electrolyte solution. One component of the DLVO is the van der Waals interaction for a macroscopic pair of spheres, more complicated than the 1/r 6 term in the LennardJones potential. The other component is a screened Coulomb potential from the interaction of the double layers around the particles, in the linearized PoissonBoltzmann approximation.
297-299 DLVO is mentioned for completeness but I downplay polyelectrolytes here because charge complicates scalability. 7. The depletion interaction is an entropic attractive force between large particles in solution in the presence of small particles or small nonadsorbing polymers. In such a mixture, the small particles are excluded from a shell around each large particle. If the excluded regions overlap, the total excluded volume decreases, the entropy of the small particles increases, and the free energy of the system decreases, so there is an attractive potential. An alternative physical picture is that the small particles are excluded from the overlap region and exert an osmotic pressure on the large particles. The depletion interaction is shortrange, with the range determined by the diameter of the small particles. The strength of the attraction is proportional to the concentration of small particles. Phillips et al. 300 give an elementary derivation and Likos 277 gives a detailed review. The attraction was observed directly in a colloid-polymer mixture. 301 Marenduzzo et al. 302 discussed the implications for cellular organization. 8. Atomistic. It is becoming practical to calculate a potential incorporating molecular detail, as in the work of McGuffee and Elcock 137 already mentioned. In another example, Chan et al. 303 computed an approximate interaction between two lysozyme molecules in their native folded states. The emphasis on was on charge effects, not on shape effects. Lysozyme was approximated as a sphere with charges at the proper angular locations from the molecular structure, but at a uniform and fixed distance below the sphere surface. The ionization states of the amino acids could change, and the difference in dielectric constants between water and protein was taken into account. Van der Waals forces and steric repulsion were approximated as a Lennard-Jones-like potential. The authors found the potential of mean force, Boltzmannaveraged over orientations. One main conclusion was that the DLVO potential overestimates electrostatic interactions on account of the uniform charge assumed; particles with nonuniform charge distributions align themselves favorably.
Ultrasoft Potentials
Polymer research has led to materials with much softer potentials than those discussed in the preceding section,
S28
and some of these materials are appropriate candidate scalable tracers. Some have a soft potential until the cores required by the chemistry come into contact. Others have a logarithmic potential, described as "ultrasoft" because it increases more slowly than any power law. Others have a finite potential 277 even at r = 0. A finite potential at r = 0 may sound counterintuitive but Likos 277 gives a simple explanation. Consider the effective potential between two random coil polymers as a function of the distance between their centers of mass. The potential V (0) is finite because two self-avoiding walks can have the same center of mass but can still avoid themselves and each other. There is simply an entropic cost to have the two self-avoiding walks in proximity. The finite V (0) is a result of using center-of-mass coordinates. The value would be infinite if, for example, the distance between the middle monomer positions were chosen as the coordinate.
Random Coils
The potential for an isolated pair of random-coil polymers in a good solvent is to a good approximation a Gaussian
the so-called Gaussian core model, and is approximately Gaussian at higher concentrations. 304, 305 The potential is finite at all separations, with a maximum of 3 kT or less at r = 0. The potential goes to zero by 3R(gyr) for an isolated pair of random coils. Monte Carlo simulations examined in detail the effects of chain length, concentration, and monomer-monomer interaction.
306,307
Hairy Spheres
Steric repulsion is a common method of stabilizing colloids against aggregation. Here polymer chains are attached to the colloid, causing a repulsive pair potential between the colloids. The interaction involves both osmotic and elastic repulsion, and is of the range of the polymer length. The expression for the potential is too complicated to include here; results and simulations are found in the literature. 279, 298, 308 Of particular interest are recent molecular dynamics simulations in which the polymer chains are treated by a bead-spring model. The spheres are repeatedly moved closer, the chains are allowed to equilibrate, and the interaction is calculated. At close approach, some of the chains are squeezed out into the plane perpendicular to the particle-particle axis, so the potential increases steeply even before the cores are in contact.
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The hairy sphere is related to other types of polymers. It is a star polymer in which the number of arms is large and the arms are shorter than the core radius. It is also a polymer brush in which the polymers are anchored to a sphere instead of a line or a plane.
We consider the case where the polymers are grafted to the colloid, that is, chemically attached, or strongly adsorbed via a unique site on the polymer.
Weak multiple adsorption sites complicate the system because desorption may occur, the polymer may bridge two colloids, and multiple binding sites lead to variation of the length of polymer in solution. We do not consider the case of stabilization by polyelectrolyte brushes. The equations for this case are conveniently summarized by Fritz et al.
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Star Polymers
A pair of star polymers in a good solvent interact by an ultrasoft potential 277, 282 V (r) = ln(r/σ) + const if r < σ 1 + Yukawa potential if r < σ
where σ is the corona diameter. As the number of arms in the star polymer increases, the repulsion grows longerranged and steeper. This form was confirmed by molecular dynamics calculations using a bead-spring model for the arms, though a hard-core repulsion must be included at small r to account for the cores. Calculations were for 5-50 arms, each of 50-200 beads.
309,311
Dendrimers
Monte Carlo simulations 312 of two different generations of athermal dendrimers (entropic interactions only) yielded a potential of mean force, steeper for generation 5 than for generation 2. Götze et al. 313 obtained a Gaussian effective interaction between flexible dendrimers
where Rgyr(∞) is the radius of gyration at infinite separation. The proportionality constant involves one free variable, the excluded-volume parameter. Interactions are discussed further in the review of Likos and Ballauff 314 . Effects of polymer topology on diffusivity and solution viscosity were examined by Bosko and Prakash 315 . They carried out Brownian dynamics calculations for dilute solutions of dendrimers, star polymers, and linear polymers of comparable molecular masses. The polymers were described by a bead-spring model and hydrodynamic interactions were included. The solutions were at the theta temperature.
Others
An important artificial soft potential is the form used in dissipative particle dynamics calculations
There is no consensus yet on the potential between two uncharged microgel spheres.
Scalability
How does the potential affect the scalablity of tracers? For obstructed diffusion, the tracer-obstacle interaction must be considered, and for crowding, the tracer-tracer interaction. We give an elementary geometrical argument, mostly to make the point that this question warrants attention. Assume that the system size is much larger than the particle size and the range of the potential, so that the system size can be neglected. For hard spheres, there are then two characteristic lengths, the particle radius R and the mean separation L and therefore only one parameter R/L. If n is the number density, then L = 1/n 1/3 in 3D. Consider hard spheres with an added short-range potential of range ρ, forming a shell of thickness ∆ρ = ρ − R around the hard sphere. Then there are two parameters, R/L and ρ/L. Suppose these tracers are scaled by changing R by a factor of α. How should the potential be changed? As Fig. S6 shows, ρ should not be scaled by a factor of α, and ∆ρ should be kept constant. That is, one must change the hard-sphere radius but keep the short-range potential constant with respect to the particle surface.
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Supporting Information 6 gives details on some methods of measuring molecular deformability and crosslinking chemistry to tune it.
Deformability Measurements
Several methods to measure deformability are available. I argue that ultrasonic measurements are best, though probably any of the methods would give useful relative values within a series of tracers differing only in crosslink density.
Ultrafiltration through Nanopores
Passage through well-defined pores has been used to characterize the deformability of microgel beads. Much of the work on the mechanics of microgel beads involves larger particles than those of interest here. An exception is the work of Hendrickson and Lyon 317 on filtration of microgel beads through track-etch membranes under a pressure difference similar to that in the kidney. The microgel was made of N-isopropylacrylamide and acrylic acid with various concentrations of N,N ′ -methylene-bisacrylamide crosslinker. Pore diameters were 10 and 100 nm; the hydrodynamic diameters of the microgel beads were 0.6-1.1 µm. Polystyrene beads were used as positive and negative controls. This work showed that the microgel beads can pass through pores even when the opening is a factor of 10 smaller than the unperturbed particle diameter.
Osmotic Compression
Some laboratories have measured deformability by measuring particle size as a function of osmotic pressure. Measurements for crowder macromolecules were described in the text. Work has also been done on microgel particles. In a study of the effect of softness on glass formation by microgel particles, Mattsson et al. 318 prepared particles of three different deformabilities, based on interpenetrating networks of poly(N-isopropylacrylamide) and polyacrylic acid. Particle size was measured by dynamic light scattering (DLS) for a range of osmotic pressures set by a dextran osmolyte, and the elasticity was characterized by the slope of the plot of size versus osmotic pressure. Fernández-Nieves et al. 319 measured the effect of osmotic pressure on the swelling of an ionic poly(2-vinylpyridine) microgel. Sierra-Martin et al. 320 used a dextran crowder to measure the bulk modulus of microgel particles with different degrees of crosslinking. This reference includes a useful discussion of potential artifacts.
To measure crosslinking effects, one would prepare a batch of scalable tracer with a prescribed fraction of crosslinker, and find R(hydro) by DLS as a function of crowder concentration. The complexities in interpreting light scattering measurements in tracer-polymer mixtures are discussed by Phillies 274 , Sierra-Martin et al. 320 , and Streletzky and Phillies 321 . Two different experiments are possible, one using the tracer as the crowder and one using a distinct crowder. Both experiments assume that the entire change in diffusion coefficent is due to a change in particle size and not to, say, a change in solvent microviscosity. Increasing the crosslinking density may affect deformability through both the tracer-tracer penetrability and the overall elasticity of the tracer viewed as a macroscopic solid. If the tracer is used as the crowder, 322 the system is binary and interpretation is straightforward. The crowding depends on the tracer-tracer interaction. If a distinct crowder is used -say a protein crowder for a tracer to be used in a cell -crowding depends on the tracer-crowder interaction. One potential problem is that the system is ternary so the osmotic compressibility is involved. Parsegian et al. 323 pointed out the distinction between osmotic stress and hydrostatic pressure. Osmotic stress is imposed in an open system and there is a change in volume due to mass transfer. Hydrostatic pressure is imposed at fixed mass and the change in volume is due to material compressibility. See also later work by Parsegian et al. 324 Parsegian's objections can be met by the approach of Dijkstra et al. 325 who derived a potential of mean force for a ternary system, using a grand canonical ensemble to account for mass transfer. The example considered was the depletion interaction in a mixture of large and small spheres. Another potential problem is light scattering by the crowder, though in some systems light scattering by the crowder is negligible. Measurements on polystyrene latex spheres in highmolecular-mass hydroxypropylcellulose showed that scattering by the latex was predominant. 321 In synthetic polymer mixtures, refractive index matching has been used to make one polymer invisible.
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Ultrasound
The adiabatic compressibility βS is readily measured in solution by ultrasonics. Many studies of βS have been done for polymers and biomolecules. [327] [328] [329] [330] There are three distinct contributions to molecular volume: (1) the atomic volume is constant and makes no contribution to the compressibility; (2) the volume of cavities makes a positive contribution given the sign convention; and (3) the hydration depends on pressure and makes a negative contribution. The compressibility of amino acid solutions is negative because there are no cavities, just hydration. Dextran solutions have a negative compressibility, suggesting hydration with negligible void volume. 331 In these experiments, dextrans in the range 2-44.5 kDa had the same βS, and branching is not likely to be important in this mass range. Compressibilities of globular proteins are generally positive on account of voids. Gekko and Noguchi 328 calculated values of βT from values of βS for a few proteins; Gekko and Hasegawa 332 calculated values of βT for more proteins assuming typical values of thermodynamic properties.
Some numerical values are shown in Table S3 to illustrate two main points. First, globular proteins are more compressible than metals, less compressible than solid plastics, and much less compressible than common solvents. Second, compressibilities can be small or negative, implying that both hydration and void volume are essential components. As a result, direct comparison of say proteins with polysaccharides may be questionable. For-
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tunately, to construct a series of scalable tracers varying in deformability, it is sufficient to compare polymers that have the same general composition and surface properties, but differ only in crosslink density. Hydration effects are then likely to be approximately constant.
The discussion of compressibility in the protein literature is necessarily complex given the variation in primary and secondary structure in common globular proteins. The problem here is much simpler, measuring the effects of crosslinks or limited amino acid substitution on an otherwise constant structure.
Ultrasonic absorption measurements are also used to examine polymer dynamics in solution and interactions of polymers at high concentrations. For example, Dunbar et al. 341 studied polystyrene in toluene and cyclohexane. In ultrasonic measurements on suspensions, a key quantity is the difference in density between particles and medium.
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Synthetic Polymers by Crosslinking
The text discussed one approach to crosslinking, in which Ficoll was treated with epichlorohydrin, the crosslinking agent used to produce Ficoll from sucrose.
Alternatively, a distinct secondary crosslinker could be used. Much work has been published on modification of dextrans and agarose as chromatography media, either to make stiffer beads with better fluid flow through the column, or to activate the substrate to attach ligands for affinity chromatography. For example, Porath et al. 348 crosslinked agarose with divinyl sulfone to improve the mechanics, and also varied the crosslink length.
Sundberg and Porath
349 activated agarose with bifunctional oxiranes for ligand attachment. Interestingly, Matsumoto et al. 350 activated Sepharose with epichlorohydrin for ligand attachment, and noted that a problem with epichlorohydrin activation is that the Sepharose is simultaneously crosslinked. Crosslinking increases the stability and rigidity of the gel but decreases the permeability. Andersson et al. 351 used a sequence of crosslinkers to make an agarose column with more rigid beads, therefore improved flow. Lindgren 352 described methods of crosslinking Sepharose to improve flow properties. Another source of potential crosslinking methods is work on hydrogels. 353 An excellent general reference is the book of Hermanson 108 . This entire body of literature is a valuable source of reaction conditions and analytical methods, but the approach must be modified to favor intramolecular crosslinking over intermolecular, to maximize crosslinking rather than activation, and to measure deformability as a property of individual macromolecules instead of macroscopic flow in a chromatographic column.
The same chemistry can be used to randomly crosslink other macromolecules with multiple internal hydroxyls, to make for example "reinforced hyperbranched polyglycerol." In general, hyperbranched polymers show no distinguishable interior and periphery, unlike dendrimers.
354
But hyperbranched polyglycerol has chemically distinguishable hydroxyls as was shown in Fig. S4 , so one can block the terminal 1,2-diols (vicinal diols), carry out a crosslinking reaction on the internal hydroxyls alone, and then unblock the diols. 
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